Introduction
The recent determination of the complete genome sequence of the roundworm Caenorhabditis elegans provides an opportunity to gain a global picture of the role of protein modules in a simple multicellular organism (The C.elegans Genome Consortium, 1998). Of particular interest are proteins that have evolved to meet the special needs of a multicellular organism, both for formation of differentiated tissues and for coordinating the activities of cells in these different tissues. Genes encoding such proteins account for a significant amount of extra coding capacity of the C.elegans genome compared with the eukaryotic but single-celled yeast (Mewes et al., 1997) . Particularly common are motifs typical of plasma membrane receptors for extracellular signals such as hormones.
Among the types of protein modules found in substantial numbers in C.elegans, but absent from yeast, are those that fit the profile of the C-type lectin-like domains (CTLDs) of higher eukaryotes. These types of protein modules were originally identified as carbohydrate-recognition domains (CRDs) in a family of Ca 2+ -dependent animal lectins, including the asialoglycoprotein receptor, its chicken homologue and serum and liver mannose-binding proteins (Drickamer, 1988) . Similar domains have since been described in other vertebrate and invertebrate carbohydrate-binding proteins (Drickamer, 1993) . Less closely related but still definitely homologous domains have been identified in a variety of proteins that do not appear to have carbohydrate-binding activity. Many such CTLDs are found in receptors on the surface of natural killer lymphocytes (Weis et al., 1998) , while others include ligand-binding domains in proteins that bind to various blood coagulation factors (Fuhlendorff et al., 1987; Atoda et al., 1991) , receptors for phospholipases (Inoue et al., 1991) , Ca 2+ -binding proteins associated with pancreatic disease (Drickamer, 1993) and antifreeze proteins from arctic fishes (Davies and Sykes, 1997) .
All of the domains in the CTLD group show distinct evidence of sequence similarity and are thus believed to have descended from a common ancestor by a process of divergent evolution. Additional groups of protein domains, such as link protein modules (Kohda et al., 1996) and endostatin (Hohenester et al., 1998) , share topological folding characteristics with the CTLDs but sequence comparisons show no evidence of homology. It is quite likely that these domains have achieved a similar folding topology through a process of convergent evolution. Relationships between different protein modules that display the C-type lectin fold are summarized in Figure 1 .
The CTLDs share a common sequence motif that almost invariably includes two disulfide bonds and a set of hydrophobic residues at characteristic spacings (Drickamer, 1993) . X-Ray crystallography of CRDs from animal lectins (Weis et al., 1991; Graves et al., 1994; Ng et al., 1996) and more recently of other CTLDs (Mizuno et al., 1997; Nielsen et al., 1997; Boyington et al., 1999) reveal that many of these residues form the hydrophobic cores of the domains and determine their overall structure. In addition, CTLDs that display Ca 2+ -dependent carbohydrate-binding activity (CRDs) contain amino acid side chains at certain key position that chelate Ca 2+ and form a carbohydrate-binding site (Weis et al., 1992) . Thus, analysis of the sequences of CTLDs can provide important clues about their potential ligand-binding activities.
In the present work, C.elegans proteins containing the CTLD motif have been compared to reveal their overall domain organization, to establish evolutionary relationships amongst the CTLDs and to determine the degree of conservation of amino acid residues that form Ca 2+ -and carbohydrate-binding sites in vertebrate CRDs. The results raise the possibility that a small subset of these proteins have carbohydrate recognition functions analogous to those of vertebrate CRDs.
Results

Context of CTLDs in overall protein architecture
The C.elegans database was screened initially for proteins that are annotated with the designation "C-type lectin" and then by sequence comparison searches using various CRD sequences as probes. A total of 128 proteins containing CTLDs were identified by this combination of approaches. These sequences were examined for the presence of the CTL or C_TYPE_LECTIN motifs in the SwissProt library of protein profiles and the LECTIN_C motif in the PfamA library in order to establish the number and location of the CTLDs. A total of 180 CTLDs were identified in this way. It is likely that more sensitive structure-based scanning methods would reveal the presence of additional members of the CTLD superfamily and even more proteins that share the C-type lectin fold but are not necessarily homologous. However, the primary aim of this analysis was to identify proteins for which functional predictions could be made. Therefore, it was useful to concentrate on proteins with discernible sequence similarity to the known CTLDs.
An initial classification of proteins was made based on the number of CTLDs present. The profile scans also revealed the presence and location of other types of protein motif that match known profiles. The presence of these other types of protein modules led to the classification shown in Figure 2 . This analysis resulted in nine major groups: (A) single CTLDs, (B) single CTLDs and von Willebrand Factor (VWF) domains, (C) CTLDs and CUB domains (a family of domains originally identified in complement proteins and bone morphogenic protein 1 (Bork and Beckmann, 1993) , (D) two CTLDs, (E) three CTLDs, (F) CTLDs with low density lipoprotein (LDL) receptor motifs, (G) CTLDs and VWF domains along with epidermal growth factor (EGF)-like domains, (H) CTLDs and sushi domains (short consensus repeats (Bentley, 1988) ), and (I) CTLDs with seven-transmembrane-type hormone receptor domains (Bockaert and Pin, 1999) .
Hydropathy plots were used to confirm the presence of signal sequences at the N-terminal end of most of the polypeptides, indicating that they are likely to be soluble, secretory proteins. Proteins in three subgroups (A10, D5, and D6) lack Evolution of CTLDs and proteins with related folds. The C-type lectin fold appears both in CTLD-containing proteins and in proteins that are not related in amino acid sequence. This fold has probably arisen several times in a process of convergent evolution. Divergent evolution of a precursor to the CTLDs has resulted in several groups of domains with distinct functions. The CRDs show carbohydrate-binding activity, while other CTLDs bind proteins or other ligands.
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http://glycob.oxfordjournals.org/ Downloaded from such sequences but contain internal membrane-anchor type sequences characteristic of type II transmembrane proteins with relatively short cytoplasmic N-terminal domains. One protein, constituting subgroup A6, contains a hydrophobic sequence at the C-terminus, which is a likely signal for addition of a glycolipid anchor. None of the proteins contain internal hydrophobic sequences likely to form stop transfer sequences leading to simple type I transmembrane orientation, although the single protein in group I contains the hallmarks of a receptor with a 7-transmembrane helix domain. Thus, proteins in the A6, A10, D5, D6, and I subgroups are the only CTLD-containing proteins expected to be membrane-associated. Several types of linking regions could also be identified and used in further categorisation of the CTLD-containing proteins. Mucin-type domains are characterized by the presence of repeated stretches of serine and threonine residues. This density of hydroxyl-containing amino acids and the presence of a high proportion of proline residues are consistent with the suggestion that these segments are likely sites of O-linked glycosylation (Elhammer et al., 1993) . Other repetitive sequences are rich in glycine, cysteine, or proline. Subgroups of groups A and D were defined based on the presence and positions of these linking domains.
In addition to the CTLDs and other identified domains, several regions of 100-200 amino acids that lack simple repetitive motifs are likely to be globular domains but are not recognized by the available profile databases. These sequences were screened against the complete SwissProt protein database. Several were found to give partial matches to proteins with CTLDs and CUB domains, but examination of the alignments indicated that these domains could be aligned only to part of the typical domains in these families. Thus, some of these unidentified segments may represent truncated modules. Other segments were found to match domains in a number of C.elegans proteins but there were no systematic similarities to domains in proteins from other organisms. All of these domains were treated as unknown, and their presence was used to distinguish subgroups as shown in Figure 2 .
For the most part, the organization of C.elegans proteins summarized in Figure 2 differs from those that have been identified to date in other invertebrates and in vertebrates. Most vertebrate C-type lectins contain one CRD per polypeptide chain (Drickamer, 1993) , but the only examples that Overall organization of proteins from C.elegans containing CTLDs. The key at the bottom summarizes the different domains in these proteins. Linkers denotes segments containing a high proportion of a relatively few types of amino acid residues, often in repeating patterns, and generally shorter than 50 residues in length. Segments designated unknown modules are longer (between 50 and 200 amino acid residues) and lack evident repeated motifs. These domains could not be matched with vertebrate proteins in the SwissProt database. Shading of CTLDs indicates subgroups in which some of the CTLDs contain at least three potential ligands for a Ca 2+ -binding site analogous to site 2 in mannose-binding protein. (Drickamer, 1993) . Proteins consisting of isolated CTLDs, some with carbohydrate-binding properties and others with different binding specificities, have been characterized in snake venom and in a number of invertebrates (Hirabayashi et al., 1991) . The only domains found in association with CTLDs in both C.elegans and vertebrate proteins are the CUB, EGF-like, and sushi modules. CUB domains are also found in proteins that bind to CTLD-containing vertebrate proteins, such as mannosebinding protein-associated proteases. Also, although no vertebrate proteins are known to contain both VWF domains and CTLDs, several mammalian and reptilian proteins interact with proteins of the coagulation pathway that contain VWF domains. Examples include human serum tetranectin (Fuhlendorff et al., 1987) and factor IX and X binding proteins from snake venom (Atoda et al., 1991) .
Even in those cases where proteins contain the same modules in both C.elegans and vertebrates, the arrangement of these domains is different. These results suggest that there have been extensive and distinct domain shuffling events in the lineages leading to present day vertebrates and invertebrates. However, it is also possible that proteins with domain organization similar to that in at least some of the C.elegans groups will eventually be found in vertebrates.
Classification of CTLDs based on sequence comparisons
As an alternative approach to analyzing the relationships between CTLDs in C.elegans, the sequences of individual CTLDs were compared. The CTLDs identified in the database searches described above were abstracted from the surrounding sequences in a uniform manner. As discussed in detail below, most of the CTLDs contain conserved cysteine residues near the N-and C-termini. These cysteine residues were used as markers to truncate the sequences at equivalent positions, with two residues included before and after the cysteines. In the few cases where one of these residues is not present, truncation was effected following pairwise alignment with the most similar available CTLD sequence that does contain the missing cysteine residue.
Using the truncated sequences as input, dendrograms were constructed with a variety of different parameters for calculating pairwise comparison scores. Variables included the scoring matrix and gap penalties. In addition, inclusion of various distantly related CTLDs from other species was used to root the Figure 3 . Eight clusters, labeled I through VIII, in this diagram, were found to be stable under all of the different analysis conditions. The robust nature of these clusters suggests that, within each, the CTLDs are descended from a single progenitor module. The relationships between these clusters were not well defined, and varied depending on the parameters employed in constructing the dendrogram. Therefore, no attempt was made to define the descent of the different clusters from an original CTLD progenitor.
Comparison of these results from sequence alignments with the overall domain arrangements is summarized in Table 1 . In most cases, members of a structural subgroup cluster together in the dendrogram, indicating that the members of each such subgroup are descended from a common progenitor gene in which the overall domain organisation was already established. This conclusion is born out by the finding that, in proteins containing multiple CTLDs, the first and second copies usually fall into different clusters. This result reflects that fact that domain duplication within the gene preceded the overall duplication of the gene that led to formation of the different members of a group. However, some of the domain organizations described by the different structural groups appear to have arisen multiple times, since proteins with similar domain structures in some cases appear in different evolutionary clusters.
In order to investigate the relationship of the C.elegans CTLDs to those in other invertebrates and in vertebrates, a variety of additional CTLDs were included in the dendrograms, which were again generated using multiple sets of parameters. CTLDs from other organisms consistently segregate from the C.elegans CTLDs and thus do not fall within any of the clusters established in Figure 3 . A vertebrate CTLD associated with any of the clusters was always the most outlying member and association with a given cluster was not robust under different analysis conditions. Thus, it is not possible to correlate any of the C.elegans groups with specific proteins in other organisms.
Arrangement of disulfide bonds in CTLDs
In CTLDs analyzed to date, six different disulfide bonds have been described. The positions of these bonds are summarized in Figure 4 . Chemical evidence for the presence of each of these bonds, except number 4, has been provided in at least one CTLD (Fuhlendorff et al., 1987; Usami et al., 1993) . The positions of disulfide bonds designated 1, 2, and 3 have been demonstrated by x-ray crystallography as well (Weis et al., 1991; Nielsen et al., 1997) , while homology modeling of CTLDs containing disulfide bonds 5 and 7 shows that they could readily be accommodated into the C-type lectin fold.
The patterns of cysteine residues in the CTLDs from C.elegans are consistent with the presence of disulfide bonds in each of the arrangements shown in Figure 4 except for bond type 4. No additional pairs of cysteine residues within the CTLDs are consistently evident for any of the subgroups, indicating that the cysteine residues are mostly involved in disulfide bonds of the types already characterized in vertebrate homologues. CTLDs lacking one of a pair of cysteine residues almost invariably also lack the cysteine side chain to which the first residue would be linked.
Like the CTLDs from other organisms, those from C.elegans each contain a subset of the possible disulfide bonds. As summarized in Table 1 , CTLDs in a given subgroup generally show the same disulfide bonds, although a few domains contain extra unique pairs of cysteine residues that might form disulfides. Thus, the similarity in disulfide bond structure in each subgroup reflects the overall similarity in sequence of the CTLDs as detected in the dendrogram shown in Figure 3 .
Single cysteine residues appear in several of these groups at positions 7 and 8 as well as at a unique position 9. The turn between β-strands 3 and 4 is exposed on the surface of the domain, so it is expected that cysteine residues at position 9 would be accessible for formation of disulfide bonds. It is possible that such bonds could form with other cysteine residues within the same polypeptide but outside the CTLDs. However, no likely pairing partner is evident for any of these residues, suggesting that they are more likely to form interchain disulfide bonds. Homo-and hetero-dimer formation through cysteine residues at positions 7 and 8 has been particularly well documented in snake venom proteins containing CTLDs (Atoda et al., 1991; Usami et al., 1993) .
Analysis of potential Ca 2+ -binding sites
The results discussed so far are based on overall sequence characteristics of CTLDs and thus reflect primarily a similarity Fig. 4 . Disulfide bonds in CTLDs. Secondary structure shared by most CTLDs is summarized, with coils representing α-helices, jagged lines denoting α-strands and loops shown as curved segments. The number of these elements corresponds to the secondary structure organisation of rat serum mannose-binding protein (Weis et al., 1991) . Potential disulfide bonds within the CTLD are numbered 1 through 6 and cysteines that participate in interchain disulfide bonds are numbered 7 through 9.
at Pennsylvania State University on February 23, 2013 http://glycob.oxfordjournals.org/ Downloaded from in the basic fold of these domains in C.elegans compared with those in other organisms. The failure of any of the C.elegans domains to show particularly close sequence similarity to any of the subgroups of the mammalian CTLDs precludes total sequence comparison as a means of making predictions about likely functions of the C.elegans proteins. Overall sequence comparison is a relatively insensitive approach to detecting similarity in function, because many residues in the CTLD are A more sensitive approach to functional analysis is to look for conservation of amino acid side chains known to be important in CTLDs with known binding properties. Among the CTLDs, the best characterized is the CRD of mannose-binding protein.
In this case, the key residues are those that surround one of the two Ca 2+ -binding sites, Ca 2+ site 2, since this portion of the protein forms the carbohydrate-binding site (Weis et al., 1992; Ng et al., 1996) . Five acid and amide site chains, which are highlighted in Figure 5 , form this site. In E-selectin, the position of this Ca 2+ site is conserved and is also an essential part of the ligand-binding site (Graves et al., 1994) . However, one of these five amino acid side chains, from the glutamic acid residue located between loop 4 and β-strand 3, is present but takes up a different position and does not form part of the site. It is replaced by a water molecule that is hydrogen bonded to the asparagine residue marked with an asterisk in Figure 5 .
Multiple sequence alignments were used to identify CTLDs in C.elegans in which some or all of the residues that make up Ca 2+ site 2 are conserved. CTLDs in which at least three of these amino acid residues are present as acidic or amidecontaining side chains are shown in Figure 5 . Few of the remaining CTLDs display conservation of more than one of these amino acid residues, suggesting that this set of residues has been selected as a group. However, it is not possible, from the available evidence, to determine whether these residues have been conserved during descent of the vertebrate CRDs and the C.elegans domains from a common precursor CTLD or whether they have been inserted on more than one occasion into the CTLD framework.
Amino acids that form Ca 2+ site 1 ligands in mannosebinding protein are less conserved in the CTLDs. No more than two of the four ligands are conserved in any of the sequences shown in Figure 5 . As noted above, one of these ligands can also form part of site 2. The canonical Ca 2+ site 1 seen originally in rat serum mannose-binding protein is absent from several other mammalian CRDs such as E-selectin (Graves et al., 1994 ). An alternative Ca 2+ -binding site has been detected in one of the CRDs of the macrophage mannose receptor (Mullin et al., 1997) . Examination of the sequences of all of the CRDs reveals that these alternative Ca 2+ ligands are also absent except in the second CTLDs of subgroup D3 proteins, in which acid or amide-containing side chains are present at up to three of the four positions. Thus, while the comparisons suggest that these CTLDs may contain the more generally conserved Ca 2+ site 2, the residues necessary to form a second site are not present.
In order to form a functional Ca 2+ -binding site analogous to site 2 of the vertebrate CRDs, the conserved acid and amide side chains must be presented in the proper context. Several key residues help to establish the appropriate geometry for the binding site in mannose-binding protein. In strand β4, the two liganding residues are preceded by a tryptophan residue. The indole side chain of this residue projects into the hydrophobic core of the protein and packs with a conserved tryptophan residue in loop L3 (Weis et al., 1991) . This latter residue is completely conserved in all the CTLDs in Figure 5 , but the tryptophan residue in strand β4 is present in only some cases. In the others, it is replaced by a large, aliphatic side chain (leucine, isoleucine, or methionine) which would be expected to make some of the same contacts in the hydrophobic core. An additional key determinant of the positions of the site 2 Ca 2+ ligands is a cis proline residue located between two of the ligands, which forms a turn between loops L3 and L4. This proline residue is a completely conserved feature of the CTLDs in Figure 5 . The presence of this residue and the conserved tryptophan side chain in the preceding loop L3 makes it quite likely that the flanking side chains would be positioned much as they are in the crystal structures of vertebrate CRDs. These tryptophan and proline residues are each found in fewer than half of the CTLDs not shown in Figure 5 .
As noted above, the arrangement of domains in C.elegans proteins that contain CTLDs are generally different to the vertebrate proteins containing C-type CRDs, although the subgroup A1 proteins resemble some of the simplest mammalian proteins (group VII) since they are CTLDs that lack accessory domains (Drickamer, 1993) . In keeping with the general trends amongst the C.elegans proteins, all of the proteins shown in Figure 5 are predicted to be soluble and secreted. Beyond this common feature, there is little similarity in domain organisation between the different subgroups that contain CTLDs with potential Ca 2+ sites 2.
In the case of proteins with two CTLDs, only one domain shows conservation of the motifs characteristic of Ca 2+ -binding site 2. This finding is consistent with the suggestion that the overall architecture of these proteins was established relatively early in evolution and that the two CTLDs within a polypeptide do not represent a recent duplication. This result also suggests that the two CTLDs may have diverged to bind two different types of ligands. As indicated in Figure 3 , the CTLDs with potential Ca 2+ -binding site 2 fall into two clusters that are widely spaced in the overall dendrogram. This finding might suggest that the progenitor of all CTLDs contained these residues, which have been lost in most of the members of the superfamily. However, it is also possible that the constellation of ligands that may form a Ca 2+ -binding site analogous to site 2 in mannose-binding protein appeared independently in these two groups of CTLDs in C.elegans.
Potential carbohydrate-binding sites
The presence of potential Ca 2+ -binding site 2 ligands in several of the CTLDs in Figure 5 suggests that some of these sites might be arranged like the carbohydrate-binding sites in vertebrate CRDs, in which the relative positions of acid or amide side chain Ca 2+ ligands are important determinants of carbohydrate-binding selectivity. For example, in mannose-binding protein the first and second Ca 2+ site 2 ligands form cooperative hydrogen bonds with one hydroxyl group of a hexose residue while the third and fourth ligands form very similar bonds with an adjacent hydroxyl group (Weis et al., 1992) . The sequence Glu-Pro-Asn in the turn between loops L3 and L4, containing the first and second Ca 2+ ligands, is associated with binding of saccharides containing mannose and structurally related sugar residues, while the sequence Gln-Pro-Asp is associated with binding of ligands that contain galactose and related sugar Residues that match the sequence motif characteristic of CRDs are highlighted light blue, except the cysteine residues, which are highlighted yellow. The motif is indicated at the top of each section: H, hydrophobic; F, aromatic; A, aliphatic; O, oxygen-containing; C, E, G and W follow the one-letter amino acid code. Secondary structure elements are indicated as β-strands (S), α-helices (H), and loops (L). Ligands for Ca 2+ 1 and 2 in rat mannose-binding proteins are denoted with 1 and 2, while potential ligands for the alternative Ca 2+ -binding site in CRD-4 of the mannose receptor are denoted 3. The residue that forms part of Ca 2+ site 1 in the mannose-binding proteins, but is part of site 2 in E-selectin, is marked *. Potential site 1 ligands are highlighted in green and potential site 2 ligands are highlighted in red. Hydrophobic residues that make contact with carbohydrate ligands bound to the mannose-binding proteins are indicated with +, while the aromatic residues that confer additional selectivity for Nacetylglucosamine in the chicken hepatic lectin are marked with o. These residues are highlighted dark blue. Specific similarity to CRDs is indicated as in Figure 3 . RHL-1, rat hepatic lectin 1; CHL, chicken hepatic lectins; MBP-A, rat serum mannose-binding protein; MMR-CRD-4, CRD-4 from human macrophage mannose at Pennsylvania State University on February 23, 2013 http://glycob.oxfordjournals.org/ Downloaded from residues (Drickamer, 1992) . Interestingly, all but two of the CTLDs in Figure 5 conform to one or the other of these patterns.
Four members of subgroups A1/2/3, one member of subgroup A8 and all of the second CTLDs in subgroups D1 and D4 contain the Glu-Pro-Asn sequence. Of the CTLDs in subgroups A1/2/3, one contains a large deletion and another lacks several Ca 2+ site 2 ligands. The remaining two subgroup A1/2/3 proteins, designated S in Figure 5 , have potential Ca 2+ site 2 ligands, but they differ in their arrangement compared to known mannose-or galactose-binding CRDs. Whereas the second and third residues are glutamic acid and asparagine in the mammalian CRDs, in these two proteins they are glutamine and aspartic acid. Although this switch is analogous to the change in the first and second ligands between the mannose-and galactose-binding CRDs, these sites would not be directly analogous to any known sugar-binding CRDs.
The CTLD in the subgroup A8 protein and all of the subgroup D4 proteins show perfect conservation of all five Ca 2+ site 2 ligands in rat serum mannose-binding protein. The proteins in subgroup D1 differ only in the presence of asparagine instead of aspartic acid as the fifth Ca 2+ site 2 ligand in β-strand S4. The structures of CRDs from serum and liver mannosebinding protein suggest that this substitution could be tolerated with little effect on the ligand-binding site, as this side chain provides an axial ligand for Ca 2+ and does not interact directly with bound carbohydrate. Thus, all of these proteins share the characteristics expected of CRDs that bind saccharides containing hexose or hexosamine residues related to mannose in the disposition of hydroxyl groups 3 and 4.
Nonpolar residues at two additional positions, marked with + and highlighted in dark blue in Figure 5 , also play a role in carbohydrate binding to the mannose-binding CRDs by making packing interactions with the ligand. The presence of valine or isoleucine residues at the second of these positions in β-strand 4 in the subgroup A8, D1, and D4 proteins corresponds to the presence of these two amino acid side chains in serum and liver mannose-binding protein and in CRD-4 of the macrophage mannose receptor (Weis et al., 1992; Ng et al., 1996; Hitchen et al., 1998) . The other hydrophobic residue, in loop L4, is more variable in the vertebrate CRDs that bind mannose, as it can be either aromatic or aliphatic. The aliphatic character of this residue in the subgroup D1 and D4 CTLDs is consistent with the formation of a binding site for mannose and related hexose and hexosamine residues in these proteins. Overall, the second CTLDs in subgroup D1 and D4 proteins are very similar to liver mannose-binding protein at Ca 2+ site 2.
In contrast to mannose-binding proteins, which bind saccharides containing mannose, N-acetylglucosamine and fucose, the chicken hepatic lectin binds selectively to N-acetylglucosamine. This narrowed selectivity is believed to result from the presence of additional contacts with the 2-substituent, which are mediated in part by two aromatic residues flanking the cysteine residue that follows β-strand 4 (Burrows et al., 1997) . These positions, marked with o and highlighted in dark blue in Figure 5 , are occupied by aromatic amino acids in one of the group D4 proteins as well as in one of the group A8 proteins. The designation N is used in Figure 5 to indicate the two CTLDs that share these features of the N-acetylglucosaminebinding site, while M is used to denote the remaining domains that are similar to mannose-binding CRDs.
The remaining five CTLDs in Figure 5 from subgroups A1/2/3 as well as the three CTLDs in subgroup D3 contain the sequence Gln-Pro-Asp at the turn between loops L3 and L4. This arrangement is similar to vertebrate CRDs that bind galactose and structurally related sugars (Drickamer, 1992) . However, the positions of acid and amide groups are not conserved at some of the other positions associated with Ca 2+ site 2. As noted above, the change of the fifth Ca 2+ ligand from aspartic acid to asparagine, seen in the subgroup D3 proteins, might be expected to have little effect on carbohydrate-binding activity. Thus, the CTLDs in this subgroup are the most like known galactose-binding domains and are designated G in Figure 5 , although galactose bound to vertebrate lectins such as asialoglycoprotein receptors and aggrecan packs against an aromatic residue at the first conserved hydrophobic position in loop L4, marked with + in Figure 5 (Iobst and Drickamer, 1994) and no aromatic residues are present at corresponding positions in the subgroup D3 CTLDs. The remaining CTLDs in subgroups A1/2/3 are marked S since they are not closely similar to specific vertebrate CRDs.
Potential for oligomer formation
An important aspect of carbohydrate recognition by many mammalian C-type lectins is the presentation of multiple sites with weak affinity for simple monosaccharides, which results in enhanced affinity and selectivity for multivalent oligosaccharides. The necessary clustering of CRDs is usually achieved by oligomerization of polypeptides containing single CRDs, which is often brought about by formation of coiledcoils of α-helices in domains adjacent to the CRDs (Beavil et al., 1992; Drickamer, 1999) . None of the C.elegans proteins that contain CTLDs appear to have such oligomerization sequences. However, some of the relatively simple group A proteins may oligomerize by direct domain-domain contacts (Drickamer, 1999) or through other mechanisms.
Other potential carbohydrate-binding proteins in C.elegans
In addition to the Ca 2+ -dependent C-type lectins, there are several other groups of animal lectins that mediate intracellular and extracellular recognition events. A brief screen for members of these other lectin families in C.elegans was undertaken. Examination of the database reveals 13 members of the galectin family of soluble, galactose-binding proteins. A detailed examination of these sequences lies outside the scope of this review. However, it can be noted that some of these proteins contain the conserved residues that confer lactose-and N-acetyllactosamine-binding activity on the known mammalian proteins (Barondes et al., 1994) . Several of these proteins have previously been isolated and shown to bind carbohydrates like their mammalian homologues. Like the mammalian proteins, some are single carbohydrate-binding domains and others are pairs of such domains. In general, it appears that it is possible to identify some of these proteins as true orthologues of their mammalian counterparts. However, there is also a subset of proteins that are clearly homologous but lack key carbohydrate-binding residues, suggesting that proteins in this structural group have also diverged to serve multiple functions.
Homologues for two types of lectins involved in sorting events within luminal compartments of cells have previously been identified. These include a calnexin precursor (Trombetta and Helenius, 1998) ERGIC-53 and VIP-36 (Fiedler and Simons, 1994; Drickamer, 1995) . Since these latter proteins are distantly related to the legume lectins, it is clear that the legume lectins represent a very old lineage of carbohydrate-binding proteins. The wide distribution of these sorting proteins suggests that they have played an important role in eukaryotic cells over a long evolutionary period. In contrast, searches with motifs and individual examples of mannose 6-phosphate receptors failed to identify homologues in C.elegans. The absence of mannose 6-phosphate receptors (P-type lectins) is consistent with the fact that, although various forms of mannose 6-phosphate are present on invertebrate proteins such as those from Dictyostelium, the receptor has not been identified (Mehta et al., 1996) .
Discussion
The presence of such a large number of members of the CTLD family of protein domains in C.elegans and the diversity of the protein contexts in which these domains are found suggest that this type of domain can serve a variety of different functions. It is reasonable to conclude, from the presence of a CTLD motif, that the encoded domain is likely to have a fold similar to that of the C-type lectin CRDs. However, the presence of a CTLD alone is not sufficient to make conclusions about whether a particular protein will bind to carbohydrate in a Ca 2+ -dependent manner. Sequences must be analyzed for the presence of potential Ca 2+ ligands in order to generate an informed hypothesis about the possibility of carbohydrate-binding activity of the type that has been shown to be biologically significant for C-type CRDs. Knowledge of structure-function relationships in CRDs is sufficient to identify CTLDs that may resemble vertebrate CRDs near Ca 2+ site 2, which would allow sequence-based predictions about potential ligands for a subset of CTLDs such as those shown in Figure 5 . However, in the face of increasing evidence about novel ways that carbohydrates can be ligated around Ca 2+ site 2, it will be necessary to refine these predictions.
As noted in Figure 2 , all of the CTLDs that resemble CRDs are found in proteins that are likely to be secreted from cells, suggesting that they may function by recognition of extracellular glycoconjugates. Our present understanding of the structures of glycoproteins in C.elegans is limited, but analysis of N-acetylglucosaminyl and fucosyl transferases suggests that complex as well as high mannose N-linked oligosaccharides are likely to be present (DeBose-Boyd et al., 1998; Chen et al., 1999) . In addition, there is evidence for expression of multiple N-acetylgalactosaminyl transferases capable of initiating Olinked glycan synthesis (Hagen and Nehrke, 1998) . Although it is possible that some of the potential CRDs identified in this work might bind to endogenous glycoproteins, the fact that none of these proteins have membrane anchors suggests that they do not function in the endocytic and cell adhesion functions mediated by many of the C-type vertebrate lectins. By analogy to the soluble mannose-binding proteins of vertebrates, possible roles in the innate immune response based on recognition of exogenous carbohydrates must also be considered. Such functions might be particularly important in the absence of an adaptive immune system.
Further structural studies of CTLDs are likely to reveal some of the mechanisms through which these domains interact with noncarbohydrate ligands. For example, the recently determined structure of a CTLD from CD94, a natural killer cell receptor, provides insights into how this family of proteins interacts with histocompatibility antigens in a carbohydrate-and Ca 2+ -independent manner (Boyington et al., 1999) . The CD94 structure also demonstrates that absence of the key Ca 2+ site 2 ligands is indeed correlated with the absence of this Ca 2+ -binding site which forms an essential part of the Ca 2+ -dependent carbohydratebinding site. As more such structures emerge, it will become possible to search for residues that would predict alternative types of ligand-binding activity.
In the absence Ca 2+ site 2, CTLDs might bind carbohydrates though mechanisms other than those that have been demonstrated to date. However, there is no experimental evidence that CTLDs lacking this Ca 2+ site bind carbohydrate in a biologically significant manner. This observation, combined with the increasing number of examples of CTLDs lacking Ca 2+ site 2 that bind protein ligands in a carbohydrate-independent manner, suggests that such CTLDs are no more likely than any other type of protein module to bind saccharide ligands. Evidence presented here indicating that only a small subset of CTLDs in C.elegans are likely to display Ca 2+ -dependent carbohydratebinding activity suggests that any effort to demonstrate such activity should be focused on this subset. In addition, sound predictions about carbohydrate-binding activity should underpin speculation about the roles of carbohydrate in processes mediated by proteins containing CTLDs.
Materials and methods
Database searching
Sequences were downloaded from the C.elegans web site maintained at the Sanger Centre at Hinxton, UK (http://www. sanger.ac.uk/Projects/C_elegans). The annotated list of open reading frames was first searched for any comment lines containing "C-type," "lectin," "mannose," or "galactose." The total protein sequence database was then screened using the blastp server. Search sequences included the CRD from rat serum mannose-binding protein A, the major subunit of the rat hepatic asialoglycoprotein receptor and E-selectin.
Identification of CTLDs and other protein domains
Domain organization was verified using the ProfileScan server at the Swiss Institute for Experimental Cancer Research (http:// www.isrec.isb-sib.ch/software/PFSCAN_form.html) to compare each sequence against the profiles available in the SwissProt (Swiss Institute for Experimental Cancer Research) and PfamA (Sanger Centre) databases. Sequence comparisons for unknown domains were made using the FastA algorithm to search the entire SwissProt database through the European Bioinformatics Institute server (http://www2.ebi.ac.uk/fasta3/).
Sequence comparisons
Pairwise sequence comparisons, dendrogram construction and multiple sequence alignments were performed using the AlignX software package in the BioSuite package from InforMax (North Bethesda, MD) running on a personal computer equipped with a 266 MHz Pentium II microprocessor. Scoring of alignments was based on the Blosum and PAM250 matrices. Gap opening penalties were varied between 5 and 20 and gap extension penalties were varied between 0.1 and 0.5. Dendrograms were constructed using the Clustal W algorithm implemented in the same package. Mammalian CRD sequences used for comparison included those from human aggrecan (group I), chicken hepatic lectin (group II), the major subunit of the rat hepatic asialoglycoprotein receptor or rat hepatic lectin 1 (group II), rat serum mannose-binding protein (group III), human E-selectin (group IV), and CRDs 4 and 6 of the human macrophage mannose receptor (group VI). Mammalian and non-mammalian CTLDs tested against the C.elegans proteins included several natural killer cell receptors (Weis et al., 1998) , rattlesnake (Hirabayashi et al., 1991) , barnacle (Muramoto and Kamiya, 1990) , tunicate (Suzuki et al., 1990) and flesh fly lectins (Takahashi et al., 1985) , fish antifreeze proteins (Davies andSykes, 1997) , and phospholipase inhibitors (Inoue et al., 1991) and coagulation factor binding proteins (Fuhlendorff et al., 1987; Atoda et al., 1991) .
